The Sonoran Desert is a large, flat, pseudo-invariant site near the United States-Mexico border. It is one of the largest and hottest deserts in North America, with an area of 311,000 square km. This site is particularly suitable for calibration purposes because of its high spatial and spectral uniformity and reasonable temporal stability. This study uses measurements from four different sensors, Terra Moderate Resolution Imaging Spectroradiometer (MODIS), Landsat 7 (L7) Enhanced Thematic Mapper Plus (ETM+), Aqua MODIS, and Landsat 5 (L5) Thematic Mapper (TM), to assess the suitability of this site for long-term stability monitoring and to evaluate the "radiometric calibration differences" between spectrally matching bands of all four sensors. In general, the drift in the top-of-atmosphere (TOA) reflectance of each sensor over a span of nine years is within the specified calibration uncertainties. Monthly precipitation measurements of the Sonoran Desert region were obtained from the Global Historical Climatology Network (GHCN), and their effects on the retrieved TOA reflectances were evaluated. To account for the combined uncertainties in the TOA reflectance due to the surface and atmospheric Bi-directional Reflectance Distribution Function (BRDF), a semi-empirical BRDF model has been adopted to monitor and reduce the impact of illumination geometry differences on the retrieved TOA reflectances. To evaluate calibration differences between the MODIS and Landsat sensors, correction for spectral response differences using a hyperspectral sensor is also demonstrated.
INTRODUCTION
Time-series analysis of remotely sensed data provides an effective tool to monitor the long-term changes in the Earth system. Test sites with a high spatial uniformity, high surface reflectance, and a flat spectral reflectance have traditionally been used to monitor the radiometric stability of optical sensors in the visible (VIS) and near-infrared (NIR) part of the electromagnetic spectrum. A list of frequently used test sites for radiometric stability monitoring is documented in an online catalog 1 developed by the U.S. Geological Survey (USGS) [1] . Our previous studies demonstrated the use of the Sonoran Desert for long-term radiometric stability monitoring of Terra MODIS and L7 ETM+ [2] . In the following study, we extend the long-term stability monitoring process to include the overpasses from Aqua MODIS and L5 TM. Various impacts on the TOA reflectances due to varying ground surface conditions are discussed briefly. The impacts due to test site BRDF are also mitigated using a semi-empirical model. Finally, an observation from a hyperspectral sensor, the Earth Observing-1 (EO-1) Hyperion, is used to reduce the impacts of the ground spectral signature on the different band-passes of the four sensors, thereby enabling a preliminary estimate of the calibration differences between the sensors under consideration.
TEST SITE & SENSOR OVERVIEW
The Sonoran Desert (+32.25°, -114.65°) is a large, flat area in the southwestern part of the North American continent. Figure 1 shows a sample image of the Sonoran Desert region acquired by L7 ETM+ Band 1 from October 2001. The red box denotes the region of interest (ROI) selected for this study. A moving window approach was adopted for the Sonoran Desert region and the ratio of standard deviation over mean was computed for each window. The area around the selected ROI had variations less than 0.5%, so it was selected for the long-term trending. Figure 2 shows the relative spectral responses (RSR) of the Terra MODIS bands 1-4 and corresponding spectrally matching ETM+ bands. In general, the MODIS band's RSR (red) is narrower compared to the ETM+ band's RSR (blue). The Aqua MODIS and L5 TM RSRs are very similar to Terra MODIS and L7 ETM+, respectively, and hence are not shown here. The EO-1 Hyperion is a high-resolution spectroradiometer that covers the spectral range from 0.4 μm to 2.5 μm resolving it into 220 bands. It images a 7.5 km x 100 km surface area with 10 nm sampling of contiguous spectral bands. A sample Hyperion acquisition over the Sonoran Desert ROI is used to obtain the TOA reflectances, providing a representative spectrum of the Sonoran Desert profile. Due to lack of availability of a time series of Hyperion granules over selected ROI, only two available cloud-free granules are used in this study. The TOA reflectance spectrum as obtained from Hyperion is also shown in Figure 2 . The TOA reflectance in the shorter wavelength VIS channels is relatively low compared to the longer wavelength NIR channels. 
METHODOLOGY
All the available data from the four sensors from 1999 to 2009 have been used in this analysis: 220 images from Terra MODIS, 164 images from Aqua MODIS, 234 images from L7 ETM+, and 224 images from L5 TM. Over 450 images over the entire mission of L5 TM were processed, but only the dataset over the last 10 years was considered in this analysis. Only near-nadir images were used; hence all the sensors acquired an image once every 16 days. Since the MODIS L1B calibrated product is only corrected for radiometric artifacts, a comprehensive geometric correction is applied using the MODIS Swath Reprojection Toolbox (MRTSwath). The orthorectified (Level 1T) ETM+ and TM products were provided in a GeoTiff format with a Universal Transverse Mercator (UTM) map projection. A uniform area (15 km x 15 km) centered on the standard coordinates is chosen as a baseline to select the ROI for all four sensors. All the ETM+ pixel impacts by the Scan Line Corrector (SLC) anomaly were excluded from this analysis. In addition, all the saturated pixels were flagged and not considered. Since the Brightness Temperature (BT) as retrieved from the desert region is significantly higher than the BT retrieved from cloudy pixels, a BT threshold of 290 K was used to discriminate and exclude the cloudy images. From all the non-cloudy and non-saturated images, the TOA reflectances are calculated for all four sensors. Impacts on the retrieved TOA reflectance due to ground surface conditions, BRDF, and impacts of ground spectral signature on the different RSR of these sensors are discussed in the next section.
RESULTS & DISCUSSIONS
Using all available images, the TOA reflectances for spectrally matching bands among all four sensors were computed. However, in this manuscript the results from MODIS Band 1 and corresponding spectrally matching bands are illustrated and the results from all other bands are tabulated. Figure 3 shows the TOA reflectance trending for MODIS Band 1 and Band 3 of ETM+ and TM. The TOA reflectances are generally stable over the span of 10 years with the exception of the time period in early 2005 where the TOA reflectance trends from all four sensors are lower by 7-8%. Our previous work demonstrated no such anomalous behavior (lower reflectances in early 2005) for ETM+ and Terra MODIS TOA reflectance trending from other pseudo-invariant African desert sites [2] . Since all four sensors seem to exhibit a similar trend, a further investigation into the ground surface conditions of the Sonoran Desert was performed. Monthly precipitation measurements of the Sonoran Desert region were obtained from the Global Historic Climatology Network (GHCN). The GHCN database consists of monthly surface observations from ~7000 stations worldwide [5] . Figure 4 shows the monthly cumulative precipitation (mm) in the Sonoran Desert area. In general, most precipitation occurs during July through September, and March through Due to the different overpass times of the four sensors, the retrieved TOA reflectances are a function of solar as well as sensor view geometry. The combined surface and atmospheric BRDF may affect the retrieved TOA reflectance values and needs to be accounted for before estimating the long-term drift in these sensors. A semiempirical BRDF model has been adopted to monitor and mitigate the impacts on the TOA reflectances caused by the varying view geometries of all the sensors under consideration [6] . Since the well-calibrated Terra MODIS sensor provides a very good sampling of near-nadir acquisitions over the Sonoran Desert, its TOA reflectances are used to derive the semi-empirical BRDF model which is then applied to other sensors in order to compensate for the impacts caused by different view geometries. Last, longterm drift in the TOA reflectances, r drift , is defined as the ratio of the observed reflectance, r, to the modeled reflectance, r model , and calculated using the ratio r drift = r/r model (1) (a) (b) Fig 5. Impacts of precipitation on the retrieved TOA reflectance Figure 6 shows the TOA reflectance trending for MODIS Band 1 and TM/ETM+ Band 3 after BRDF normalization using the BRDF model coefficients. A yearly average of the normalized TOA reflectances for each sensor is plotted in order along with its 1-sigma deviation. The anomalous trend in early 2005 still exists since it is due to the change in ground surface conditions and not view-geometry. Since the TOA reflectance measurements from Terra MODIS have been used to derive the BRDF model coefficients, normalized measured reflectances for Terra MODIS are essentially close to unity. Since Terra and Aqua MODIS have a very closely matched RSR, the TOA reflectances after BRDF normalization should give us a preliminary estimate of the potential calibration differences between the two sensors. However, TM and ETM+, which have a different RSR compared to MODIS, show a systematic deviation from unity (about 3% for ETM+ and about 2% for TM). This is due to the spectral response differences in addition to the calibration differences. Table I summarizes the long-term drifts in the TOA reflectance values for the VIS/NIR bands of all four sensors. Except for MODIS Band 3 and TM Bands 1 and 3, the long-term drift of all the sensors seems to be within the calibration uncertainty. More long-term drift is seen in the shorter wavelength bands than the longer wavelength band, which is consistent with our previous work. The percent bias for all the sensors compared to Terra MODIS is summarized in Table II . This might not be the most accurate estimate of the potential calibration differences between the sensors with Terra MODIS because the uncertainties due to the atmospheric profile changes during the overpasses are assumed to be minimal. Also, the spectral band-pass correction between MODIS and ETM+ has been accounted for using only a single Hyperion granule. Multiple simultaneous Hyperion granules need to be analyzed to evaluate this difference under different viewing conditions. In general, L7 ETM+ has a better agreement with Terra MODIS compared to L5 TM and Aqua MODIS. Since Terra MODIS flies about 30 minutes behind ETM+ and EO-1 Hyperion flies about 1 minute behind ETM+, a better estimate of BRDF and spectral response correction is obtained. In addition, the atmospheric profile change within 30 minutes can be reliably assumed to be minimal. However, this might not be entirely true for the TM and Aqua MODIS overpasses, which are 8 days apart. This also explains the larger differences obtained for L5 TM and Aqua MODIS. In the case of ETM+ and MODIS, the most difference is seen in the shorter wavelength band pairs (MODIS B3 and ETM+ B1). This is also consistent with the long-term drifts in Table I . 
SUMMARY
The use of the Sonoran Desert site as a pseudo-invariant site for long-term stability monitoring and sensor crosscalibration has been demonstrated. Near-nadir overpasses from Terra and Aqua MODIS along with L5 TM and L7 ETM+ have been processed over the Sonoran Desert over a 10-year period from 1999-2009. In general, more long-term TOA reflectance change is seen at the shorter wavelengths. A more intensive correction of the spectral response differences needs to be applied in order to obtain an accurate estimate of the calibration differences between the sensors.
